Introduction
============

Molecular chaperones and the related degradation machinery constitute two mutually exclusive but collaborative pathways in cells ([@b5]). Although the molecular chaperones heat shock proteins Hsp70 and Hsp90 buffer misfolded proteins and help refold them, they can also assist in the delivery of fatally damaged proteins to the ubiquitin--proteasome protein degradation machinery ([@b34]). The induction of Hsp70, Hsp90 and other molecular chaperones is among the most important responses to environmental challenge, and these molecules confer protection against stresses by refolding or stabilizing certain important client proteins ([@b15]). On the other hand, C-terminus of heat shock cognate protein 70 (Hsc70)-interacting protein (CHIP), a dual-function co-chaperone/ubiquitin ligase, mediates the ubiquitination and subsequent proteasome-dependent degradation of several chaperone client proteins ([@b29]), but is also involved in protein folding and stabilization via stimulation of heat shock transcription factor 1 and induction of the chaperones ([@b6]). The balance between protein folding/stabilization and degradation can be disturbed under some physiological and/or pathological processes, such as aging, disease, or stress, in which the proteins face a choice between the two pathways. CHIP seems to participate in protein folding/stabilization and degradation decisions ([@b19]). However, the characteristics of the client proteins that decide their fate, stabilization or degradation, remain obscure under most circumstances.

CHIP, through its three tandem tetratricopeptide repeat (TPR) domain, binds to the TPR acceptor sites on Hsp90 and Hsp70 proteins, and it serves as an E3 ubiquitin ligase through its Ubox domain, which facilitates the processing of chaperone client proteins ([@b41]). CHIP is implicated in various neurodegenerative diseases characterized by protein misfolding and aggregation ([@b21]). CHIP not only has a critical function in the quality control of cellular proteins, but also has an essential function in stress recovery systems by removing excess or unneeded proteins ([@b27]). However, it remains unknown why CHIP-mediated degradation sometimes occur to 'normal\' proteins under unstressed conditions, and use a chaperone-independent manner ([@b38]; [@b30]).

Recently, leucine-rich repeat kinase-2 (LRRK2), the mutation of which is the most common cause of late-onset Parkinson\'s disease, was found to be regulated by both CHIP and Hsp90 ([@b8]; [@b16]). Overexpression of Hsp90 stabilizes LRRK2 and prevents CHIP-mediated LRRK2 degradation ([@b8]). The CHIP--Hsp90 complex also executes similar regulation of tau ([@b7]). These findings provide unusual examples that reciprocal actions by CHIP and Hsp90 maintain the level of a protein. Hsp90 can stabilize many proteins under stresses such as ischemia, cold, heat, and/or inflammation ([@b20]). The clients of Hsp90 include the cytoskeletal proteins, membrane receptor tyrosine kinases, and androgen receptors as well as various other transcription factors and signalling proteins ([@b9]). Wild-type (WT) p53 and its mutant can be stabilized by Hsp90 under heat stress conditions and in cancer cells ([@b32]). Under these circumstances, whether CHIP participates in the stress recovery process, and what contribution it makes to Hsp90, have not been elucidated.

Redox imbalance, mainly resulting from increased production of reactive oxygen species (ROS), is the most common insult to cellular homeostasis. We previously found that SENP3, a SUMO/sentrin protease, is rapidly induced upon mild oxidative stress due to a reduction in ubiquitination and 26S proteasome-mediated degradation. SENP3 accumulation in the nucleoplasm allows it to have a function in controlling various nuclear events ([@b12]; [@b11]). In an attempt to determine the regulatory mechanisms by which ROS modulate the turnover of SENP3, we investigated the molecules that stabilize and destabilize SENP3 and discovered a sophisticated interaction of SENP3 with both CHIP and Hsp90. In the present study, we report that SENP3 is constitutively degraded by CHIP, which serves as an ubiquitin E3 ligase under resting conditions, and SENP3 is thus maintained at a low basal level. Upon oxidative stress, Hsp90 is recruited to bind with SENP3, impeding ubiquitination by CHIP, and SENP3 is thus stabilized. Remarkably, the recruitment and binding of Hsp90 to SENP3 is triggered by oxidative modification of two cysteine residues on the SENP3 molecule. These findings demonstrate for the first time that CHIP and Hsp90 can interplay with a client protein under unstressed and stressed conditions, and that the decision to choose stabilization or degradation is made by the redox state of the client protein. Moreover, our findings expand understanding of the roles of CHIP and Hsp90 in their mutual relationship, as we show surprisingly that CHIP degrades SENP3 independently of Hsp90, whereas Hsp90 stabilizes SENP3 dependently of CHIP.

Results
=======

SENP3 stability is regulated by CHIP
------------------------------------

As our previous study indicated that SENP3 might be constantly degraded through the ubiquitin--proteasome pathway under resting conditions, we screened for the molecule that mediates the ubiquitination of SENP3. The abundance of SENP3 protein in HeLa cells was assessed after knocking down a series of ubiquitin E3 ligases. The knockdown efficiency by siRNA for human homologue of Ariadne (HHARI), c-Cbl, parkin, E6-associated protein (E6AP), and CHIP was examined by RT--PCR ([Figure 1A](#f1){ref-type="fig"}, left). The results of immunoblotting (IB) for SENP3 showed that depletion of CHIP led to a robust increase of endogenous SENP3, whereas the other ubiquitin E3 ligases appeared to be irrelevant ([Figure 1A](#f1){ref-type="fig"}, right). The knockdown of endogenous CHIP did not change the mRNA level of SENP3 ([Figure 1B](#f1){ref-type="fig"}, left) but increased its protein level in a dose-dependent manner (right). By contrast, overexpression of exogenous CHIP decreased SENP3 protein dose-dependently in the absence of the 26S proteasome inhibitor MG132 ([Figure 1C](#f1){ref-type="fig"}). As SENP3 could barely be detected after CHIP overexpression in the absence of MG132, all the following co-immunoprecipitation (co-IP) experiments where CHIP was ectopically expressed were performed in the presence of MG132. Co-IP was then carried out in HEK293T cells co-transfected with RGS-SENP3, HA-ubiquitin, CHIP siRNA, or tagged CHIP. The ubiquitin conjugation of SENP3 was readily detected in the presence of MG132; it was largely eliminated by CHIP silencing but was enhanced by overexpression of CHIP ([Figure 1D](#f1){ref-type="fig"}). We further examined whether CHIP was associated with SENP3 in cells. A physical interaction between CHIP and SENP3 was revealed by IP in both exogenous ([Figure 1E](#f1){ref-type="fig"}, upper) and endogenous settings (lower). As SENP3 is a nucleolar protein, to assess the co-localization of SENP3 with CHIP *in vivo*, we observed cells transfected with red fluorescent protein-tagged SENP3 with and without MG132 treatment, and visualized CHIP by fluorescent isothiocyanate-labelled antibody. In the absence of MG132, CHIP was localized in the cytoplasm and, in particular, the nucleoplasm, showing no overlap with SENP3 that resided within the nucleoli. However, the nucleoplasmic co-localization of CHIP and SENP3 occurred in the presence of MG132 ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}; [Supplementary data](#S1){ref-type="supplementary-material"}). This result, while revealing the nucleoplasmic co-localization of these two molecules, also implies that their interaction accounts for the degradation of SENP3 outside of nucleoli in resting cells. Taken together, these data indicate that CHIP regulates SENP3 stability through the ubiquitin--proteasome pathway.

SENP3 is degraded by CHIP in an Hsp90-independent manner
--------------------------------------------------------

Overexpression of the E3 ubiquitin ligase domain, that is, the Ubox domain, of CHIP, similarly to full-length (FL) CHIP, reduced exogenous SENP3 levels, but TPR domain overexpression had no effect ([Figure 2A](#f2){ref-type="fig"}). Consistent with this result, the ubiquitin conjugation of SENP3 was enhanced by overexpression of the Ubox domain but not the TPR domain ([Figure 2B](#f2){ref-type="fig"}). As CHIP usually functions in association with Hsp90 ([@b22]), we then assessed whether Hsp90 is involved in the interaction of CHIP with SENP3. Although the fact that the Ubox domain alone could execute ubiquitination already implied that the function of CHIP does not depend on its association with a chaperone, CHIP K30A, a mutant lacking the ability to interact with its chaperone proteins ([@b39]), was used to provide further evidence. We did an IP assay after overexpressing WT or K30A mutant CHIP together with tagged SENP3 in cells. The CHIP--SENP3 interaction did not rely on the association of CHIP with Hsp90, as both WT and K30A mutant CHIP could be immunoprecipitated by an antibody against the SENP3 tag ([Figure 2C](#f2){ref-type="fig"}). The ubiquitin-conjugation assay showed that both WT and K30A mutant CHIP mediated ubiquitination of SENP3, whereas the TPR domain had no effect ([Figure 2D](#f2){ref-type="fig"}). Neither overexpression nor knockdown of Hsp90 changed the basal level of SENP3 ubiquitination and, likewise, an inhibitor of Hsp90 (geldanamycin (GM)) did not have an effect ([Figure 2E](#f2){ref-type="fig"}). These data suggest that CHIP, through its Ubox domain, mediates the ubiquitination/proteasome-dependent degradation of SENP3, thus maintaining SENP3 protein at a low basal level, and this effect does not require the chaperone Hsp90.

SENP3 is stabilized upon oxidative stress, whereas the protein level of CHIP, its association with SENP3 and its redox state remain unchanged
---------------------------------------------------------------------------------------------------------------------------------------------

Our previous data showed that hydrogen peroxide (H~2~O~2~)-induced increase in SENP3 protein is due to inhibition of the ubiquitin--proteasome pathway ([@b12]), and the above data in the present study indicate that ubiquitination of SENP3 is mediated by CHIP. We therefore suspected that H~2~O~2~ might regulate CHIP protein expression or its binding with SENP3. We thus evaluated the quantity of CHIP and its interaction with SENP3 when cells were exposed to the various low concentrations of H~2~O~2~ used previously. After cells were exposed to H~2~O~2~, endogenous SENP3 rapidly accumulated in a dose-dependent manner. The amount of endogenous CHIP, however, remained unchanged ([Figure 3A](#f3){ref-type="fig"}). Co-IP assays showed that in cells overexpressing tagged SENP3 and CHIP, the binding of the two molecules was not attenuated upon H~2~O~2~ exposure ([Figure 3B](#f3){ref-type="fig"}). As CHIP is a cysteine-rich E3 ligase, and its enzymatic activity can be inactivated under severe oxidative stress ([@b18]), we reasoned that the oxidative effects of H~2~O~2~ were likely to be manifested by the formation of disulphide bridges that might disable the catalytic activity of CHIP. To determine whether intra- or intermolecular disulphide bonds formed in CHIP after it was exposed to this low dose of H~2~O~2~, redox diagonal electrophoresis was performed. The results excluded this possibility: CHIP migrated well on the diagonal line ([Figure 3C](#f3){ref-type="fig"}), indicating no intra- or intermolecular disulphides. Therefore, we conclude that SENP3 becomes stabilized under mild oxidative stress and that CHIP is not the target of ROS.

SENP3 degradation is repressed by Hsp90 upon oxidative stress
-------------------------------------------------------------

Given the close association of CHIP with Hsp90 and the crucial role of Hsp90 in stabilization of various signalling proteins ([@b28]), we assumed that Hsp90 is involved in the process wherein mild oxidative stress induces the stabilization of SENP3 protein. There are two reagents, novobiocin (NB) and GM, that by binding to the C-terminal domain and N-terminal ATP/ADP pockets of Hsp90, respectively, block the association of Hsp90 with its client proteins ([@b3]). Indeed, the H~2~O~2~-induced accumulation of SENP3 was reversed by GM but not NB ([Figure 4A](#f4){ref-type="fig"}), suggesting that Hsp90 may mediate the process of H~2~O~2~-induced SENP3 stabilization and that the N-terminal domain of Hsp90 is involved. Strikingly, overexpression of Hsp90 alone did not lead to the accumulation of SENP3. However, significant accumulation of SENP3 was induced by overexpression of Hsp90 in combination with H~2~O~2~ treatment or H~2~O~2~ treatment alone, and GM blocked these effects to some extent ([Figure 4B](#f4){ref-type="fig"}). To investigate whether Hsp90 protects SENP3 from ubiquitination, we performed ubiquitination assays in HEK293T cells co-transfected with tagged SENP3, ubiquitin, Hsp90 or siRNA for Hsp90 in the presence/absence of H~2~O~2~. As predicted, the ubiquitin conjugation of SENP3 was attenuated by H~2~O~2~, but not by overexpressing Hsp90 alone ([Figure 4C](#f4){ref-type="fig"}, lanes 2 and 3). Overexpression of Hsp90 in combination with H~2~O~2~ treatment did decrease SENP3 ubiquitination (lane 4). These results are in accordance with the data on SENP3 accumulation. When Hsp90 was depleted by siRNA, H~2~O~2~-induced elimination of ubiquitin conjugation was reversed (lane 5). Moreover, these effects were assessed under conditions of CHIP overexpression where SENP3 was intensively ubiquitin conjugated ([Figure 4D](#f4){ref-type="fig"}, lane 1). Consistent with the above findings, Hsp90 blocked the CHIP-mediated ubiquitination of SENP3 only in the presence of H~2~O~2~ (compare lanes 4 and 6). Taken together, our findings clearly indicate that Hsp90 stabilizes SENP3 protein upon H~2~O~2~-induced mild oxidative stress by blocking ubiquitin-mediated proteasomal degradation through impairing the E3 ligase function of CHIP.

We next sought to determine how Hsp90 and SENP3 interact under mild oxidative stress. Fluorescent images showed that the two proteins co-localize in the nucleoplasm upon H~2~O~2~ treatment ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). These data confirm the spatial association of the two proteins, but they might merely reflect a redistribution of SENP3 into the nucleoplasm upon H~2~O~2~ treatment. To gain evidence of a physical interaction between them, co-IP was carried out in the presence/absence of H~2~O~2~ and/or GM. Interestingly, Hsp90 associated with SENP3 only upon H~2~O~2~ exposure. Their binding was abolished in the absence of H~2~O~2~ or by GM ([Figure 4E](#f4){ref-type="fig"}). We therefore suspected that the binding of Hsp90 with SENP3 upon oxidative stress changed the mode of CHIP--SENP3 binding which was otherwise maintained under non-stress conditions. As we knew that the association between SENP3 and CHIP was not lost under stress (see [Figure 3B](#f3){ref-type="fig"}), we assumed that Hsp90 might bind to SENP3 by means of intervening between SENP3 and CHIP, making CHIP indirectly bound to SENP3. To address this possibility, we assessed the endogenous SENP3--CHIP association after knockdown of Hsp90. The results demonstrated that the SENP3--CHIP association was maintained regardless of the presence or absence of Hsp90, which was true not only under non-stressed but also under oxidative stress conditions ([Figure 4F](#f4){ref-type="fig"}). We then became curious about the role of CHIP in the SENP3--Hsp90 association under oxidative stress. We conducted a rescue assay by overexpressing WT CHIP and the CHIP K30A mutant in cells in which endogenous CHIP was knocked down by an siRNA irrelevant to the exogenous CHIP. Unexpectedly, the results showed that the SENP3--Hsp90 association upon stress was abolished when WT CHIP was replaced by the mutant unable to interact with Hsp90 ([Figure 4G](#f4){ref-type="fig"}, upper panel). Knockdown of WT CHIP also led to a failure of the SENP3--Hsp90 association ([Figure 4G](#f4){ref-type="fig"}, lower panel). These results reveal that the SENP3--Hsp90 association under stress requires the presence of CHIP, implying that CHIP may help to ensure Hsp90 binding to SENP3.

SENP3 interplays with CHIP and Hsp90 in a sophisticated way
-----------------------------------------------------------

The above data proposed a complex interrelationship among these three molecules that needed clarification. We constructed various truncations of SENP3 based on its sequence ([@b10]) to map the domains that are subject to ubiquitin ligation and that are responsible for sensing H~2~O~2~. The truncates, as illustrated in [Figure 5A](#f5){ref-type="fig"}, upper panel, were transfected into HEK293T cells before the cells were exposed to MG132 and H~2~O~2~ treatments. The ubiquitin-conjugation patterns of FL and truncated SENP3 were examined by co-IP. The results showed that the extent and the pattern of ubiquitination varied among the truncates ([Figure 5A](#f5){ref-type="fig"}, middle panel, see the middle lanes, MG132+). Conjugation on the three C-terminal truncates was considerably similar to that on the FL SENP3. However, among the three N-terminal truncates, only N1 was able to be ubiquitinated to a small extent, and no ubiquitination was detectable with N2 or N3 ([Figure 5A](#f5){ref-type="fig"}, middle panel). Therefore, the region at the C-terminus with concentrated lysine residues, ranging from residues 320 to 574, is viewed as the ubiquitin-modified domain ([Figure 5A](#f5){ref-type="fig"}, bottom panel). H~2~O~2~-treatment attenuated ubiquitin conjugation to FL SENP3 ([Figure 5A](#f5){ref-type="fig"}, middle panel, see the right lanes, MG132+ plus H~2~O~2~+). Strikingly, in all the truncates but C3 and N1, ubiquitination was no longer inhibited by ROS ([Figure 5A](#f5){ref-type="fig"}, middle panel). Thus, we found that the region overlapped by C3 and N1, minus the region overlapped by C3 and C2, ranging from amino acids 163 to 320, is the domain that senses ROS and in turn blocks ubiquitination. We refer to this region as the 'redox-sensing domain\' ([Figure 5A](#f5){ref-type="fig"}, bottom panel).

To dissect the domains that mediate the interaction between SENP3 and CHIP, SENP3 and its truncates were overexpressed and co-IP was performed using an antibody against the tag on CHIP. As shown in [Figure 5B](#f5){ref-type="fig"}, CHIP co-precipitated with FL SENP3 and the SENP3-C2 truncate but not the N2 truncate. Reciprocally, co-IP was performed after overexpression of CHIP and its truncates using an antibody against the tag on SENP3. We found that SENP3 co-precipitated with FL CHIP and the Ubox domain but not the TPR domain ([Figure 5C](#f5){ref-type="fig"}). These results suggest that the binding of CHIP and SENP3 is mediated through an interaction between the Ubox domain of CHIP and the C-terminal domain (C2, 320--574) of SENP3, where CHIP may execute the ubiquitination of SENP3.

We next dissected the interaction domains between SENP3 and Hsp90. Detailed mapping using all the SENP3 truncates was performed. Intriguingly, in addition to FL SENP3, Hsp90 could also bind to the C3 truncate, but not the other truncates ([Figure 5D](#f5){ref-type="fig"}). This result clearly demonstrates that Hsp90 associates to a region on SENP3 that corresponds exactly to the redox-sensing domain plus the ubiquitin-modified domain. We hence concluded that an intact redox-sensing domain and the ubiquitin-modified domain are both required for Hsp90 binding with SENP3. Although the ubiquitin-modified domain is also bound by CHIP, two lines of evidence indicate that Hsp90--SENP3 association under oxidative stress does not repel, but rather, requires CHIP--SENP3 association: one is that CHIP--SENP3 association is not affected by Hsp90 ([Figure 4F](#f4){ref-type="fig"}), and another is that Hsp90--SENP3 interaction needs CHIP ([Figure 4G](#f4){ref-type="fig"}). As the Hsp90--SENP3 association could be abolished by GM, a reagent acting at the N-terminus of Hsp90, the interacting domain of Hsp90 must be its N-terminus. Therefore, we propose a model for interplay of the three molecules under oxidative stress ([Figure 5E](#f5){ref-type="fig"}). Importantly, this information strongly suggests that SENP3 does not become a client of Hsp90 until some intrinsic change specifically appears within the redox-sensing domain under oxidative stress.

Blockade of SENP3 ubiquitination is triggered by oxidative modification of cysteines on SENP3, which recruits Hsp90
-------------------------------------------------------------------------------------------------------------------

We next sought to characterize the intrinsic feature in the redox-sensing domain to make SENP3 a client of Hsp90. As cysteine residues are major target of oxidative modifications, all five cysteines within the redox-sensing domain were potentially involved in the regulation of ubiquitination. We individually mutated these cysteines to serines ([Figure 6A](#f6){ref-type="fig"}, upper). These SENP3 mutants were transfected into cells followed by H~2~O~2~ treatment. The results of ubiquitination assays showed that the C243S and C274S mutants lost their responsiveness to ROS for the repression of ubiquitination. The double mutant showed a pattern similar to that of the single mutant, suggesting that both cysteine residues are essential ([Figure 6A](#f6){ref-type="fig"}).

The dye fluorescein-5-maleimide (F5M) labels cysteines of which the thiol is in reduced form. F5M fluorescence intensity thereby reflects, and is proportional to, the reductive degree of a protein ([@b42]). For WT SENP3, upon exposure to H~2~O~2~, the quantity of F5M-labelled SENP3 decreased, whereas the total level of SENP3 protein increased, revealing that some thiols of cysteines in SENP3 were oxidized ([Figure 6B](#f6){ref-type="fig"}). If cysteines 243 and 274 truly sense subtle increases in ROS, the mutated SENP3 would be unable to be oxidized upon exposure to a low dose of H~2~O~2~. Indeed, the C243/274S mutant showed neither the accumulation of total protein nor the attenuation in F5M fluorescent intensity displayed by WT SENP3 ([Figure 6B](#f6){ref-type="fig"}). The C243S mutant completely lost the accumulation in response to the presence of H~2~O~2~ and Hsp90 ([Figure 6C](#f6){ref-type="fig"}), indicating that cysteine 243 (as well as 274) is required for the stabilization of SENP3. Co-IP assays further demonstrated that although H~2~O~2~ induced binding of WT SENP3 with Hsp90 and the thiol-reducing agent dithiothreitol (DTT) reversed this binding, the C243S mutant could no longer be recognized and bound by Hsp90 under the same H~2~O~2~ exposure ([Figure 6D](#f6){ref-type="fig"}). In agreement with this result, ubiquitination of C243S was not attenuated by H~2~O~2~ treatment ([Figure 6E](#f6){ref-type="fig"}). These data suggest that either cysteine 243 or 274 undergoes oxidative modification under mild oxidative stress, and this functions as a signal to recruit Hsp90. The binding of Hsp90 following recognition of oxidized cysteine(s) consequently protects SENP3 from ubiquitination by CHIP.

It was next necessary to determine whether the association of CHIP with SENP3 was affected by mutation of the redox-sensing cysteines. Co-IP was performed, and the data showed that CHIP could bind to the C243S and C274S mutants as well as to WT SENP3 ([Figure 6F](#f6){ref-type="fig"}). This result confirmed the idea that the physical association between CHIP and SENP3 is not redox responsive.

SENP3 interacts with CHIP and Hsp90 in differential modes under non-stress and oxidative stress conditions
----------------------------------------------------------------------------------------------------------

Taken together, the multiple lines of evidence presented above delineate a regulatory mechanism for SENP3 turnover under non-stress and oxidative stress conditions ([Figure 7](#f7){ref-type="fig"}). CHIP, independent on chaperones, binds to the ubiquitin-modified domain of SENP3 and mediates its ubiquitination, causing SENP3 to be degraded outside of the nucleolus and generally maintained at a low basal level. When the cell encounters a mild oxidative stress, the thiols of cysteines 243 and/or 274 in SENP3 undergo oxidative modification, which releases a signal for the recruitment of Hsp90. Hsp90 does not compete with CHIP for binding to the ubiquitin-modified domain, but rather, it binds to a region containing both the redox-sensing domain and the ubiquitin-modified domain of SENP3 and leads to abrogation of CHIP-mediated ubiquitin ligation. The physical association of CHIP and SENP3 is not replaced or altered by Hsp90 binding to SENP3; instead, the CHIP--Hsp90 interaction are required under this context, serving as a supporter for the Hsp90--SENP3 association.

Accumulation of SENP3 in cancer cells correlates with enhanced Hsp90--SENP3 association and increased ROS
---------------------------------------------------------------------------------------------------------

HepG2 is a perpetual cell line, which was derived from human hepatocarcinoma ([@b24]). Endogenous SENP3 was readily detected in these cancerous cells, implying that it might accumulate due to the binding of Hsp90 in response to high ROS levels. This assumption was corroborated by the fact that the level of SENP3 was markedly attenuated when HepG2 cells were exposed to the anti-oxidant *N*-acetyl cysteine (NAC), DTT, or the Hsp90 inhibitor GM ([Figure 8A](#f8){ref-type="fig"}). To evaluate the situation in real tissues, SENP3 and Hsp90 immunohistochemistry were conducted on 20 hepatocarcinoma and normal liver autopsy tissue samples. Positive staining for SENP3 was undetectable in normal liver, but it was readily visible in the most of the cancerous hepatocytes, localizing in the nucleus and the cytoplasm with predominant accumulation in the nucleus ([Figure 8B](#f8){ref-type="fig"}, left, upper). By contrast, positive Hsp90 staining was visible in normal hepatocytes, mainly in the nucleus, but was much stronger in the cancerous hepatocytes, both in the nucleus and the cytoplasm ([Figure 8B](#f8){ref-type="fig"}, left, lower). Quantitative image analysis demonstrated that the average intensities of SENP3 and Hsp90 were significantly higher in hepatocarcinoma cells ([Figure 8B](#f8){ref-type="fig"}, right). Furthermore, co-IP assays were performed using tissue extracts derived from two pairs of freshly collected hepatocarcinoma and adjacent tissues. The results showed that binding of endogenous Hsp90 with endogenous SENP3 was robustly enhanced in hepatocarcinoma ([Figure 8C](#f8){ref-type="fig"}). The redox state of these paired tissues was compared by measurement of the reduced glutathione (GSH) level. The results showed that hepatocarcinoma was more prone to an oxidative state than normal liver tissue ([Figure 8D](#f8){ref-type="fig"}). Collectively, these data suggest that SENP3 accumulation in cancer cells might correlate with its enhanced interaction with Hsp90 under oxidative stress.

Finally, to evaluate the biological and pathological significance of the redox-sensing function of SENP3, we tested cell proliferation and soft agar colonegenesis in cells expressing WT or mutant SENP3. Endogenous SENP3 was depleted by siRNA that did not target exogenous SENP3 ([Figure 8E](#f8){ref-type="fig"}, left). The results of cell proliferation demonstrated that cells with the SENP3 C243S mutant lost responsiveness to ROS-induced proliferation ([Figure 8E](#f8){ref-type="fig"}, middle). Moreover, soft agar colonegenesis assay was conducted in cells stably expressing WT/mutant SENP3 and shRNA for SENP3. The results demonstrated a weaker colonegenetic potential in cells expressing the C243S SENP3 ([Figure 8E](#f8){ref-type="fig"}, right). Taken together, these data strongly indicate that SENP3 overaccumulates in liver cancer and has a function in tumour enhancement by responding to aberrant redox environments.

Discussion
==========

Oxidative stress occurs as a consequence of an imbalance between the production and scavenging of ROS. Severe oxidative stress leads to oxidation and aggregation of vital proteins and DNA. The expression of Hsps may increase dramatically following such stress ([@b31]). Some Hsps, mainly members of the Hsp70 family and its co-chaperones, select and direct aberrant proteins to the proteasome or lysosome for degradation ([@b35]). In some cases when proteins can be rescued, the same system can refold damaged proteins ([@b1]). The Hsp and co-chaperone system thus has a crucial function as a cleanser under these circumstances. However, when mild oxidative stress occurs, cells may modify their signalling and gene expression profiles to adjust their behaviour. Diverse post-translational modifications on proteins may be involved in these processes, during which ROS lead to oxidative modification, rather than typical oxidative damage, of proteins ([@b17]). Whether and how the Hsp and co-chaperone system participate in these adaptive responses remain largely unknown. The present study provides an example of the role of Hsp90 and its co-chaperone CHIP in the stabilization of a normal protein under mild oxidative stress induced by low doses of H~2~O~2~.

We found that the binding of Hsp90 to SENP3, a SUMO2/3-specific protease, leads to SENP3 stabilization under mild oxidative stress and that this is achieved via blockage of the CHIP-mediated ubiquitination that otherwise constantly occurs under non-stressed conditions. We previously demonstrated that following nuclear accumulation of SENP3, it re-localizes from the nucleoli to all over the nucleoplasm, which provides this SUMO protease with a brand-new spectrum of substrates. The important transcription co-activator p300 and the nuclear body component PML, among others, become substrates of SENP3 under mild oxidative stress. De-conjugation of SUMO2/3 from p300 and PML leads to changes in their functions; the transcriptional activity of hypoxia-inducible factor-1 is enhanced, and the role of negative regulator of PML for cell proliferation is impaired ([@b12]; [@b11]), which all contribute to cellular adaptation to mild oxidative stress. Therefore, Hsp90 and CHIP cooperate as critical modulators that ensure the function of a protein in this process.

Hsp90 is an abundant and essential protein in eukaryotic cells as well as in bacteria. As one of the most important chaperones, Hsp90 stabilizes, refolds, and activates its client proteins ([@b40]). Hsp90 stabilizes mutant oncogenic proteins that are prone to misfolding, thereby enabling malignant transformation ([@b4]). Compromising Hsp90 function can reverse oncogenic cellular phenotypes ([@b23]). Hsp90 also stabilizes unmutated regulators of signalling in fungal cells, conferring drug resistance ([@b4]). In neuronal cells, phosphorylated tau is a client of the Hsp90 chaperone network. In addition, abnormal tau (hyperphosphorylated) displays enhanced binding to Hsp90 ([@b7]). Although an increasing body of research has revealed many *in vivo* Hsp90 client proteins and proven that the association of client proteins with Hsp90 complexes is important for their activity, the interaction of Hsp90 with client proteins is currently still poorly understood. Among the most intriguing puzzles are the specific mechanism of recognition of non-native substrates by Hsp90 and the coordination of Hsp90 with the CHIP degradation machinery ([@b28]).

Being in a complex together with the client, CHIP and Hsp90 can have cooperative or antagonistic effects on the client ([@b27]; [@b37]). For instance, dephosphorylation and refolding of p-tau is initially facilitated by an Hsp90-containing complex that prevents degradation; however, when refolding is subverted by Hsp90 inhibition, p-tau is transferred to the Hsp70/CHIP complex and degraded via polyubiquitination ([@b7]). Our present study revealed that CHIP mediates constitutive ubiquitination and degradation of SENP3 under non-stress condition, whereas by contrast, Hsp90 binds to SENP3 under mild oxidative stress and mediates its stabilization. This is the first demonstration to our knowledge that CHIP and Hsp90 are responsible, respectively, for controlling the levels of a protein under non-stressed and stressed conditions. Moreover, our data provide new insight into the mutual relationship of these two molecules. CHIP is believed to mediate degradation of the clients in a chaperone-dependent manner, until recently it is noticed that CHIP can be independent of Hsp90 or other chaperones ([@b25]; [@b30]) Our findings here highlight this novel concept by confirming that Hsp90 is dispensable for CHIP-mediated SENP3 degradation under non-stressed condition. On the contrary, CHIP is known to be indispensable for the chaperones under various circumstances ([@b19]; [@b29]), although the precise contributions of CHIP as a co-chaperone to Hsp90 remain unclear. Our study demonstrates that Hsp90 abrogates the ubiquitin ligase function of CHIP, but Hsp90\'s action requires the presence of CHIP and the CHIP--Hsp90 interaction. This previously unperceived contribution suggests an alternative co-chaperone function of CHIP: a molecule supporting the complex for the Hsp90-mediated client stabilization.

Our present data show that, upon oxidative stress, Hsp90 binds to a region of SENP3 comprising the redox-sensing domain and the ubiquitin-modified domain. More interestingly, a prerequisite for this Hsp90--SENP3 association is that Hsp90 recognizes specific oxidative modifications on cysteines 243 and/or 274 in the redox-sensing domain of SENP3. This study is the first demonstration that oxidation of a protein diverts its fate from degradation to stabilization. A study of structure biology in the future may provide better elucidation to whether the site for Hsp90 binding is spatially close to the site for CHIP binding, and how the Hsp90--SENP3 binding affects the function of CHIP but simultaneously requires the presence of CHIP.

Reversibility, a crucial aspect of all regulatory mechanisms, is one of the most important characteristics of thiol oxidative modification ([@b17]). We showed that stabilization of SENP3 is reversed by an anti-oxidant thiol-reducing agent as well as by an Hsp90 inhibitor. This result implies that Hsp90 binding to SENP3 and the consequent SENP3 stabilization are subject to physiological modulation along with environmental ROS fluctuations.

Redox regulation of chaperones has been illustrated in two molecules, prokaryotic Hsp33 and eukaryotic 2-Cys peroxiredoxin, which use ROS to activate their chaperone function ([@b13]; [@b36]; [@b17]). However, the client selectivity of the chaperones under these circumstances has not been explained. By contrast, our report unveils an intrinsic signal formed by oxidative modification of the client protein instead of the chaperone. This unique mechanism may better explain the high specificity of SENP3 stabilization, as we have determined that only this SUMO protease in the SENP family is immediately stabilized by the low concentrations of H~2~O~2~ we used ([@b11]).

The role of Hsp90 in cancer has received much attention in the past decade, because it is upregulated in various primary cancers and functions as an integral part of the machinery that allows cancer cells to escape normal regulation ([@b26]). Recently, CHIP was found to suppress tumour progression in human breast cancer by inhibiting oncogenic pathways, and CHIP levels are negatively correlated with the malignancy of human breast tumour tissues ([@b14]). Our previous and current data demonstrate an accumulation of SENP3 in a series of primary cancers. The present data have further revealed that binding between Hsp90 and SENP3 is enhanced in cancerous hepatocytes in which ubiquitination of SENP3 is attenuated. Therefore, this study, in line with the ideas that Hsp90 is oncogenic whereas CHIP is a tumour suppressor, provides a novel redox-sensitive client protein that is aberrantly regulated by the CHIP--Hsp90 machinery in cancer.

Materials and methods
=====================

Cell culture and treatments
---------------------------

HeLa and HEK293T cells were cultured in Dulbecco\'s modified Eagle\'s medium (GibcoBRL, Gaithersburg, MD). HepG2 cells were cultured in a 1:1 mixture of DMEM and 1640 (GibcoBRL). All media were supplemented with 10% newborn calf serum (Biochrom AG, Germany). Cells were maintained at 37°C in a humidified atmosphere with 5% CO~2~. MG132 (Merck KGaA, Germany) was used to block proteasome activity. To examine the association with ROS, cells were treated with H~2~O~2,~ NAC, and DTT (Sigma-Aldrich, St Louis, MO). GM (ALEXIS Biochemicals, Switzerland) and NB (Merck) were used to block Hsp90 activity.

Constructs and transient transfections
--------------------------------------

The constructs were described in [Supplementary data](#S1){ref-type="supplementary-material"}. The constructs were transiently transfected or co-transfected into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instructions.

Reverse transcription and polymerase chain reaction (RT--PCR)
-------------------------------------------------------------

RT--PCR and quantitative PCR were carried out by standard procedures. The primers and the conditions were described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Immunoblotting
--------------

IB was performed using the routine methods and antibodies are described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Co-IP and denaturing co-IP
--------------------------

Co-IP and denaturing co-IP were carried out for both endogenous and ectopically expressed proteins using the routine methods described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Immunohistochemistry
--------------------

Twenty normal liver specimens and 20 tumour tissues were derived from archived autopsic and pathological tissues processed as paraformaldehyde-fixed and paraffin-embedded specimens. Sections were incubated overnight at 4°C with primary antibodies against SENP3 or Hsp90 (all 1:100) followed by biotinylated secondary antibody. Immunohistochemical reactions were visualized using peroxidase-conjugated streptavidin, in which diaminobenzidine was used as a chromogen. Sections were finally counterstained with hematoxylin. The relative intensities of signal positive for SENP3 and Hsp90 were estimated in five fields under × 40 by Zeiss KS400 Version 2.2 software.

siRNA and shRNA
---------------

siRNA specific for c-Cbl, E6AP, HHARI, CHIP, parkin, SENP3, SENP3 (3′UTR), Hsp90, CHIP (3′UTR), and non-specific control (NC) siRNA were synthesized (RIBOBIO, China), and transfected using Lipofectamine 2000. The viral vector for SENP3 shRNA was constructed and introduced into cells by the previously used methods ([@b33]; [@b11]). The sequences of siRNA and shRNA were described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Sequential two-dimensional non-reducing/reducing SDS--PAGE
----------------------------------------------------------

This method has been referred as redox diagonal electrophoresis ([@b42]) and was briefly described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Assessment of thiol reduction by F5M
------------------------------------

Thiol reduction of the SENP3 WT/mutant was assessed by the previously used method ([@b42]). The detailed procedure was described in [Supplementary data](#S1){ref-type="supplementary-material"}.

Reduced GSH assay
-----------------

Tissues using two pairs of fresh hepatocarcinoma and the adjacent normal liver were prepared and analysed for GSH level according to the manufacturer\'s instructions (Jiancheng Bioengineering Institute, China) as described previously ([@b11]) and in [Supplementary data](#S1){ref-type="supplementary-material"}.

Cell proliferation assay
------------------------

As HeLa cells are sensitive to H~2~O~2~-induced cell proliferation, they were used for assessment of responsiveness of SENP3 redox-sensing domain to ROS. Cells were seeded at 50% confluence and co-transfected with SENP3 3′UTR siRNA and the constructs of GFP-SENP3-WT or GFP-SENP3-C243/274S. After 48 h, cells were re-seeded in 24-well plates at 30% confluence and were treated with 100 μM H~2~O~2~ once a day. Proliferation was assessed using previously described methods ([@b11]) for 3 days.

Colony formation assay
----------------------

The colony formation capability of HepG2 cells in soft agar was investigated in cells stably expressing GFP-SENP3-WT or -C243/274S followed by infection of SENP3 shRNA. The constructs of WT and mutant SENP3 were mutated to become resistant to shRNA. The procedures for stable transfection and retroviral introduction of shRNA were used as previously ([@b11]) and described in [Supplementary data](#S1){ref-type="supplementary-material"}. Colony formation assay was conducted using the previous method ([@b2]). The plates were incubated for 15 days until colonies were counted.

Statistical analysis
--------------------

SPSS11.5 software was used for statistical analysis. ANOVA was applied for comparison of the means of two groups, in which Student--Newman--Kewls was further used for the comparison of each of the two groups. A value of *P*\<0.05 was considered significant.
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![SENP3 stability is regulated by CHIP. (**A**) HeLa cells were transfected with 50 nM non-specific siRNA (NC) or specific siRNA for five genes, respectively, for 48 h. The efficiency of knockdown (KD efficiency) was determined by RT--PCR (left). SENP3 protein level was evaluated by IB using anti-SENP3 (right). (**B**) HeLa cells were transfected with 50 nM NC or CHIP siRNA (20 or 50 nM) for 48 h. SENP3 level and the efficiency of siRNA were determined by RT--PCR (left). SENP3 abundance was examined by IB after cells were transfected with 50 nM NC or CHIP siRNA (20 or 50 nM) for 48 h. The expression of CHIP protein was monitored by anti-CHIP (right). (**C**) SENP3 abundance was examined by IB after HeLa cells were transfected with mock DNA (40 ng) or Myc-CHIP (20 or 40 ng) for 48 h in the absence/presence of MG132 (10 μM) for the last 12 h. The expression of CHIP protein was monitored by anti-Myc. (**D**) The efficiency of CHIP knockdown was determined by IB after HEK293T cells were transfected with 50 nM NC and CHIP siRNA for 48 h (left). Cells were co-transfected with CHIP siRNA, Myc-CHIP, and HA-ubiquitin (HA-Ub) for 48 h, and MG132 (10 μM) was added for the later 12 h. Co-IP using anti-RGS and IB using the indicated antibodies were performed to determine the ubiquitin conjugation of SENP3 (right). (**E**) Cells were co-transfected with Myc-CHIP and RGS-SENP3 for 48 h and incubated with MG132 (10 μM) for the later 12 h. The exogenous proteins were co-immunoprecipitated by anti-RGS and immunoblotted using the indicated antibodies (upper). Cells were incubated with MG132 (10 μM) for 12 h. Co-IP using IgG or anti-SENP3 antibodies were performed, and precipitation of endogenous CHIP was determined by IB with anti-CHIP (lower).](emboj2010245f1){#f1}

![SENP3 is degraded by CHIP in an Hsp90-independent manner. (**A**) HEK293T cells were co-transfected with CHIP siRNA, Myc-CHIP, or its domains (Myc-TPR or Myc-Ubox) and RGS-SENP3 for 48 h. The abundance of SENP3 was examined, and the efficiencies for Myc-CHIPs transfection and endogenous CHIP knockdown were monitored by IB. (**B**) Cells were co-transfected with TPR and Ubox domains of CHIP (Myc-TPR or Myc-Ubox), RGS-SENP3, and HA-ubiquitin (HA-Ub) for 48 h, and MG132 (10 μM) was added for the later 12 h. Co-IP using anti-RGS and IB using the indicated antibodies were carried out to determine the ubiquitination of SENP3. (**C**) Cells were co-transfected with Myc-CHIP, HA-CHIP (K30A), and RGS-SENP3 for 48 h and incubated with MG132 (10 μM) for the later 12 h. The exogenous proteins were co-immunoprecipitated by anti-RGS and immunoblotted using the indicated antibodies. (**D**) Cells were co-transfected with Myc-CHIP, HA-CHIP (K30A), TPR domain of CHIP (Myc-TPR), RGS-SENP3, and HA-Ub for 48 h, and MG132 (10 μM) was added for the later 12 h. Co-IP using anti-RGS and IB using the indicated antibodies were carried out to determine the ubiquitination of SENP3. (**E**) Cells were co-transfected with 50 nM NC or Hsp90 siRNA for 48 h, and the efficiency of the Hsp90 knockdown was determined by IB (left). Cells were co-transfected with RGS-SENP3 and HA-Ub with or without Myc-CHIP, Flag-Hsp90, or Hsp90siRNA for 48 h and MG132 was added for the later 12 h. Geldanamycin (GM, 5 μM) was added as indicated for the last 1 h. Co-IP using anti-RGS and IB using the indicated antibodies were performed to determine the ubiquitination (right).](emboj2010245f2){#f2}

![The protein level of CHIP, its association with SENP3, and its redox state remain unchanged upon oxidative stress. (**A**) HeLa cells were treated with the indicated concentrations of H~2~O~2~ for 1 h. SENP3 and CHIP protein levels were evaluated, respectively, by IB. (**B**) Myc-CHIP and RGS-SENP3 were co-transfected into HEK293T cells for 48 h with MG132 (10 μM) incubation for the later 12 h. H~2~O~2~ was added at the indicated concentrations for the last 1 h. Exogenous proteins were co-immunoprecipitated using anti-RGS and immunoblotted using the indicated antibodies. (**C**) HeLa cells were treated with 100 μM H~2~O~2~ for 1 h. CHIP protein was examined by redox diagonal electrophoresis and IB using CHIP antibody. The blots with short- and long-time exposure were displayed to show the position of CHIP relative to the diagonal line.](emboj2010245f3){#f3}

![Hsp90 repress SENP3 degradation upon oxidative stress. (**A**) HeLa cells were pre-treated with geldanamycin (GM, 1 or 5 μM) for 1 h or novobiocin (NB, 0.1 or 0.5 mM) for 12 h. H~2~O~2~ was added at the indicated concentrations for the last 1 h. SENP3 protein levels were evaluated by IB. (**B**) HEK293T cells were transfected with Flag-Hsp90 for 48 h and exposed to 100 μM H~2~O~2~ or/and 5 μM GM as indicated for the last 1 h. SENP3 protein levels were evaluated and Hsp90 transfection efficiency was monitored by IB. (**C**) HEK293T cells were co-transfected with RGS-SENP3 and HA-Ub with or without Flag-Hsp90 or Hsp90siRNA (50 nM) for 48 h, and MG132 was then added for the later 12 h. H~2~O~2~ was added as indicated for the last 1 h. Co-IP using anti-RGS and IB using the indicated antibodies were performed to determine the ubiquitination of SENP3. (**D**) HEK293T cells were co-transfected with RGS-SENP3 and HA-Ub with or without Myc-CHIP or/and Flag-Hsp90 for 48 h, and MG132 was added for the later 12 h. H~2~O~2~ was added as indicated for the last 1 h. Co-IP using anti-RGS and IB using the indicated antibodies were performed to determine the ubiquitination of SENP3. (**E**) HEK293T cells were transfected with RGS-SENP3 for 48 h and exposed to 100 μM H~2~O~2~ or/and 5 μM GM for the last 1 h. The proteins were co-immunoprecipitated using anti-RGS, and binding of endogenous Hsp90 with RGS-SENP3 was determined by IB using the indicated antibodies. (**F**) HEK293T cells were transfected with Hsp90siRNA (50 nM) for 48 h and exposed to 100 μM H~2~O~2~ as indicated for the last 1 h. The endogenous proteins were co-immunoprecipitated using anti-SENP3, and binding of endogenous CHIP or Hsp90 with SENP3 was determined, respectively, by IB using the indicated antibodies for re-blotting. (**G**) HEK293T cells were co-transfected with HA-CHIP K30A and non-specific siRNA or siRNA (3′UTR) that specifically targeted to endogenous CHIP, respectively. CHIP protein level was evaluated by IB using anti-CHIP to determine the efficiency and specificity of the CHIP siRNA (upper panel, left). RGS-SENP3 with or without CHIP siRNA (3′UTR) plus HA-CHIP K30A were co-transfected into HEK293T cells for 48 h, and MG132 was added for the later 12 h. H~2~O~2~ (100 μM) was added as indicated for the last 1 h. The proteins were co-immunoprecipitated using anti-RGS and immunoblotted using the indicated antibodies to determine the binding of endogenous Hsp90 with SENP3 in the presence of wild-type or mutant CHIP (upper, right). HEK293T cells were co-transfected with RGS-SENP3 or/and CHIP siRNA for 48 h. H~2~O~2~ was added for the last 1 h. The proteins were co-immunoprecipitated using anti-RGS and immunoblotted using the indicated antibodies to determine the binding of endogenous Hsp90 with SENP3 in the presence/absence of endogenous CHIP (bottom).](emboj2010245f4){#f4}

![SENP3 interplays with CHIP and Hsp90 in a sophisticated way. (**A**) SENP3 truncates were illustrated (top). HEK293T cells were co-transfected with HA-Ub and GFP-SENP3 full length (FL) or truncates for 48 h. Cells were treated with MG132 (10 μM) for the later 12 h and H~2~O~2~ (100 μM) for the last 1 h. Co-IP using anti-GFP and IB using anti-HA were performed to determine the ubiquitination of SENP3, and GFP-SENP3 was detected with anti-GFP (middle). The domains of SENP3 were identified (bottom). (**B**) Myc-CHIP was co-transfected into HEK293T cells with FL or two truncates of GFP-SENP3 (N2 and C2) for 48 h, respectively. Cells were cultured in the presence of MG132 (10 μM) for the later 12 h. The proteins were co-immunoprecipitated using anti-Myc and immunoblotted using the indicated antibodies. (**C**) RGS-SENP3 was co-transfected into HEK293T cells with FL or two domains of Myc-CHIP (TPR and Ubox) for 48 h, respectively. Cells were cultured in the presence of MG132 (10 μM) for the later 12 h. The proteins were co-immunoprecipitated using anti-RGS and immunoblotted using the indicated antibodies. (**D**) HEK293T cells were transfected with GFP-SENP3 FL and truncates (N1, N2, N3, C1, C2, or C3), respectively, for 48 h. H~2~O~2~ was added for the last 1 h. Co-IP using anti-Hsp90 and IB using the indicated antibodies were performed to determine the binding of endogenous Hsp90 with SENP3 and its truncates. (**E**) A speculative model depicting the interplay among SENP3, Hsp90, and CHIP upon oxidative stress.](emboj2010245f5){#f5}

![Blockade of SENP3 ubiquitination is triggered by oxidative modification of cysteines on SENP3, which recruits Hsp90. (**A**) The identified domains of SENP3 and the sites for mutagenesis with cysteines replaced by serines in the redox-sensing domain (upper). HEK293T cells were co-transfected with HA-Ub and GFP-SENP3 wild-type (WT) or C/S mutants for 48 h. Cells were treated with MG132 (10 μM) for the later 12 h and H~2~O~2~ (100 μM) for the last 1 h. Co-IP using anti-GFP and IB using the anti-HA were performed to determine the ubiquitination of SENP3, and GFP-SENP3 was detected with anti-GFP (bottom). (**B**) HEK293T cells were transfected with GFP-SENP3 WT or C243/274S mutant for 48 h. Cells were treated with H~2~O~2~ (100 μM) for 30 min before incubation with F5M for another 30 min. IP with anti-GFP was performed. Total GFP-SENP3 protein levels were evaluated by IB with anti-GFP. Reductive GFP-SENP3 with F5M fluorescence in the same bands were visualized and photographed. (**C**) HEK293T cells were transfected with GFP-SENP3 WT or mutant C243S with or without Flag-Hsp90 or Hsp90 siRNA for 48 h, and 100 μM H~2~O~2~ was added for the last 1 h. SENP3 protein levels were evaluated by IB. (**D**) HEK293T cells were transfected with GFP-SENP3 WT or mutant C243S for 48 h. A measure of 100 μM H~2~O~2~ and 5 mM DTT were added for the last 1 h. The proteins were co-immunoprecipitated using anti-GFP and immunoblotted using the indicated antibodies to determine the binding of endogenous Hsp90 with WT or mutant SENP3. (**E**) HEK293T cells were co-transfected with HA-Ub and GFP-SENP3 WT or mutant C243S for 48 h and MG132 was added for the later 12 h. H~2~O~2~ and DTT were added for the last 1 h. The proteins were co-immunoprecipitated using anti-GFP and immunoblotted using the indicated antibodies to determine the ubiquitination of SENP3. (**F**) HEK293T cells were co-transfected with GFP-SENP3 WT or mutants C243S and C274S, and Myc-CHIP for 48 h. MG132 was added for the later 12 h. The proteins were co-immunoprecipitated using anti-GFP and immunoblotted using the indicated antibodies to determine the binding of Myc-CHIP with SENP3 WT or mutants.](emboj2010245f6){#f6}

![SENP3 interacts with CHIP and Hsp90 in differential modes under non-stress and oxidative stress conditions. A model for the mechanisms underlying stabilization and degradation of SENP3.](emboj2010245f7){#f7}

![Accumulation of SENP3 in cancer cells correlates with enhanced Hsp90--SENP3 association and increased ROS. (**A**) HepG2 cells were pre-treated with NAC for 4 h, DTT or GM for 1 h. SENP3 protein level was evaluated by IB using anti-SENP3. (**B**) Immunohistochemistry for SENP3 and Hsp90 were performed in 20 hepatoma and adjacent normal tissues. Scale bar=10 μM (left). The relative signal intensity was analysed (right). (**C**) IP was performed in 100 mg of tissues evenly derived from two pairs of fresh hepatoma and adjacent normal tissues using anti-Hsp90, and IB was performed with 1/2 loading of hepatoma sample. (**D**) The GSH level was assessed in the tissues similar to (**C**). Quantification showed the means±s.d. of the relative GSH levels. (**E**) HeLa cells were co-transfected with NC or SENP3 3′UTR siRNA and the construct of GFP-SENP3 WT for 72 h. The endogenous SENP3 and the exogenous GFP-SENP3 were determined with anti-SENP3 and anti-GFP (left). HeLa cells were co-transfected with SENP3 3′UTR siRNA and the constructs of GFP-SENP3 WT or C243S. After 48 h, cells were re-seeded and treated with 100 μM H~2~O~2~ for 1 h once a day from the second day. Cell proliferation was assessed and indicated by a fold increase. The values are expressed as the means±s.d. of two independent experiments (middle). HepG2 cells were stably transfected with GFP-SENP3 WT or C243S and retroviral vector expressing shRNA for SENP3. Colony formation assay was performed and indicated by the numbers of colonies in soft agar per 1000 seeded cells (*n*=3 dishes) (right).](emboj2010245f8){#f8}
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